Abstract. Resveratrol, a polyphenol mainly present in grapes and red wine, demonstrated varied pharmacological activities. The protective effects of resveratrol on acute lung injury (ALI) induced by lipopolysaccharide (LPS) have remained elusive. The present study investigated whether the protective effect of resveratrol on ALI induced by LPS was via inhibiting the myeloid differentiation primary response gene (myd88)-dependent toll-like receptor (TLR)4 signaling pathway. Mice were pretreated with 5 or 45 mg/kg resveratrol for three days prior to bronchial perfusion with 25 mg/kg LPS. At 12 h after surgery, the ratio of the wet to the dry (w/d) lung was calculated to assess tissue edema. Histological changes of the lungs were detected using hematoxylin and eosin staining and the protein expression levels of TLR4, myd88 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) were measured by western blot analysis. The concentration of interleukin (IL)-6 and cyclooxygenase (COX)-2 in the bronchoalveolar lavage fluid were detected by ELISA. The results showed that resveratrol can suppress the edema, inflammatory cell infiltration and alveolar structure damage of lungs in mice with ALI and decrease the lung w/d ratio. Additionally, resveratrol markedly decreased the expression of TLR4, myd88 and NF-κB and decreased the concentration of inflammatory cytokines, including IL-6 and COX-2. Therefore, it can be concluded that resveratrol has a protective effect against ALI induced by LPS, at least in part by inhibiting the myd88-dependent TLR4 signaling pathway. In conclusion, resveratrol pretreatment has a protective effect against LPS-induced ALI in mice, which indicates that resveratrol may serve as a potential therapeutic agent for treating ALI in the clinic.
Introduction
Acute lung injury (ALI) is a serious clinical problem associated with high morbidity and mortality (1, 2) . The mortality rate of ALI in the United States is ~40% (3) . ALI is characterized by a disruption of the endothelium and alveolar epithelial barriers involving increased microvascular permeability, followed by an onset of dyspnea, severe hypoxemia and pulmonary edema (4, 5) . ALI can develop numerous devastating complications at later stages, including severe sepsis, severe trauma and ischemia/reperfusion injury (6) .
The mechanisms underlying ALI remain to be fully elucidated. Lipopolysaccharide (LPS), also termed endotoxin, is a component of the cell wall of gram-negative bacteria and is a causative agent implicated in the pathogenesis of ALI (7) . LPS is a specific ligand of toll-like receptor 4 (TLR4) and ALI is associated with the activation of TLR4 signaling pathways induced by LPS. Although TLR4 is essential for initiating the activation of innate defenses, excessive inflammation in response to prolonged activation can prove detrimental (8) (9) (10) . TLR4 signaling pathways include myeloid differentiation primary response gene (myd88)-dependent and -independent pathways (11) . LPS is a major stimulus for the release of excess production of inflammatory mediators, including cytokines, chemokines and adhesion molecules via activating the myd88-dependent TLR4 signaling pathways, which may further cause pulmonary damage leading to ALI (12) .
There are no specific therapies for ALI; however, mechanical ventilation strategies and management remain supportive (13) . Chinese herbal medicine has the advantage of having anti-inflammatory properties and its aspects are economical and fine; therefore, it is useful to identify effective drugs for the treatment of ALI in Traditional Chinese Medicine.
Resveratrol (3,4' ,5-trihydroxy-trans-stilbene; Rsv), a polyphenol mainly present in grapes and red wine, has numerous bioactivities, including the inhibition of tumor initiation, anti-inflammatory, lipid modification, anti-oxidative, neuroprotective and anti-aging effects (14) (15) (16) . Resveratrol has received increasing attention and has been associated with its inhibition of the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) transcription factor (17, 18) .
Protective effect of resveratrol against acute lung injury induced by lipopolysaccharide via inhibiting the myd88-dependent Toll-like receptor 4 signaling pathway
The role of resveratrol on ALI via inhibiting TLR4 and inflammatory factors, including interleukin (IL)-6 and cyclooxygenase (COX-2) in the TLR4 signaling pathway, remains poorly defined. Therefore, the present study was designed to investigate whether oral administration of resveratrol could ameliorate ALI induced by LPS, and to analyze whether resveratrol has a protective effect via inhibiting the myd88-dependent TLR4 signaling pathway (Fig. 1) . The protein expression of TLR4, myd88 and NF-κB was detected by western blot analysis, and levels of IL-6 and COX-2 were detected by ELISA.
Materials and methods
Reagents. Resveratrol (C 14 H 12 O 3 ; MW, 228.24; purity ﹥98%) was purchased from Guangxi Changzhou Natural Products Development Co., Ltd. (Nanning, China). LPS (Sigma, St. Louis, MO, USA), rabbit anti-mouse TLR4, myd88, NF-κB and β-actin antibodies were obtained from Abcam (Cambridge, MA, UK), bicinchoninic acid (BCA) protein assay kit was obtained from Pierce Biotechnology, Inc., (Rockford, IL, USA). IL-6 and COX-2 ELISA detection kits were purchased from R&D Systems (Minneapolis, MN, USA). Goat anti-rabbit antibody was purchased from Abcam (Cambridge, MA, UK).
Animals and housing conditions. A total of 144 adult balb/c mice (age, 10 weeks; weight, 20-26 g at the beginning of the experiment) obtained from Jianyang Dashuo Animal Science and Technology Co., Ltd (Jianyang, China) were used in this experiment. All the mice received human care according to the guidelines of the Local Institutes of Health Guide for The Care and Use of Laboratory Animals. In total, 10 mice were housed in one cage and in a climate-controlled room (25˚C, 55% humidity and 12-h light/darkness cycle), fed a standard laboratory diet and acclimated five days prior to the experiment. Experiments were performed between 9:00 am and 5:00 pm. The present study was approved by the ethics committee of the First Affiliated Hospital of Luzhou Medical College, (Luzhou, Sichuan, China).
Trial grouping. The mice were randomly divided into six groups, n=24 per group. Group one was the normal group, group two the ALI model group, with bronchial perfusion by 2.5 mg/kg LPS, group three was the sham surgery group, which was infused with sterile saline instead of LPS and groups four and five were LPS +45,5 mg/kg resveratrol, which were orally administrated resveratrol (45,5 mg/kg) everyday for three days prior to an LPS challenge. Group six was the dexamethasone (Dex) group, which was administered 10 mg/kg Dex by intraperitoneal (i.p.) injection as a positive control.
LPS-induced ALI model. Mice were anesthetized with 3% pentobarbital sodium (30 mg/kg, 0.1 ml/10 g, i.p.) and were mounted on a tablet. Disinfection and a neck midline incision exposed the trachea, and mice were bronchially perfused with 25 mg/kg LPS in 40 µl sterile saline within 1 min. The control mice were administered the same amount of sterile saline, disinfection and suture incision (19, 20) .
Bronchoalveolar lavage fluid (BALF) collection, leukocyte count and classification. At 24 h after surgery, one third of the mice in each group were anesthetized with the same method as that in the aforementioned steps: Bronchus irrigation with saline at 0.5 ml each time, continuously for five times, then BALF was obtained, and from half of the BALF, the red blood cells were removed by addition of red blood cell lysis buffer (21) and the sample was centrifuged at 250 x g for 10 min. The supernatant was discarded and the pellet was suspended again in 1 ml phosphate-buffered saline. The cells were stained for 5-10 min with Wright's stain at room temperature and different fields of view of 100 leukocyte cells were counted using optical microscopy. The mononuclear cells and lymphocytes were classified and their percentage was calculated. The remaining half was frozen at 4˚C and the concentration of IL-6 and COX-2 was determined (22) .
Lung wet-to-dry (w/d) weight ratio.
In total, 12 h following the LPS challenge, one third of the mice in each group were euthanized and the lungs were excised. Each lung was blotted dry, weighed, and then placed in an oven at 80˚C for 48 h to obtain the 'dry' weight. The ratio of the wet lung to the dry lung was calculated to assess tissue edema (23) .
Histological analysis. In total, 12 h after surgery, the mice were anesthetized with 3% pentobarbital sodium (30 mg/kg, 0.1 ml/100 g; i.p.), perfused with formaldehyde, and the lung was removed and fixed in 10% neutral-buffered formalin for 24 h and subsequently embedded in paraffin. The sections were stained with hematoxylin and eosin (H&E) using a standard protocol and analyzed by light microscopy (Olympus, Tokyo, Japan) (23) .
Western blot analysis. The frozen lung samples were homogenized with 1% detergent lysis buffer, containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% NonidetP-40, 0.5% sodiumdeoxycholate, 100 mg/ml phenylmethylsulfonyl fluoride and 1 mg/ml aprotinin. The protein concentrations were determined by a BCA protein assay kit. The protein extracts were fractionated by 12% SDS-PAGE and then Figure 1 . Hypothetic mechanism underlying the protective effect of resveratrol via inhibiting the myd88-dependent TLR4 signaling pathway. Myd88, myeloid differentiation primary response gene; TLR4, Toll-like receptor 4; COX-2, cyclooxygenase 2; IL, interleukin; NF-κB, nuclear factor κ-light-chainenhancer of activated B cells; LPS, lipopolysaccharide; ALI, acute lung injury.
transferred to a nitrocellulose membrane. The membrane was blocked with 5% (w/v) skimmed milk in Tris-buffered saline containing 0.05% Tween 20, followed by incubation with a rabbit anti-TLR4 (1:2,000), anti-myd88 (1:1,000) and anti-NF-κB (1:1,000) antibody at 4˚C overnight. Next, the membrane was treated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:1,000) and antibody binding was visualized with an enhanced chemilluminescence reagent and short exposure to a Gel imaging system (Korda, Tokyo, Japan).
ELISA. The IL-6 and COX-2 concentration of BALF was quantified using a competitive enzyme immunoassay kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. All the experiments were performed in triplicate.
Statistical analysis. All the results are presented as the mean ± standard deviation. Statistical analysis was performed with statistical analysis software SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). Comparisons were performed using one-way analysis of variance in multiple groups, and the comparison between groups were performed using Student-Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference.
Results

Resveratrol alleviated ALI induced by LPS in mice.
To evaluate the effect of resveratrol on ALI, the histological changes of lungs in different groups were initially observed. The H&E staining results revealed that 12 h after LPS administration in the model group, lung congestion, large amounts of leukocyte infiltration, an increase in the alveolar wall thickness, edema, hemorrhage and exudation in the alveolar cavity were present ( Fig. 2B and G) , which confirmed that the ALI model was established successfully. In comparison with the model group, the control group exhibited alveolar lobule structure integrity and alveolar clean cavity, without any edema in the alveolar walls ( Fig. 2A and F) . Pretreatment with resveratrol and Dex for three days can alleviate the changes of all the parameters mentioned in the model group (Fig. 2C, D, E, H, I and J) .
Resveratrol attenuates the lung w/d ratio induced by LPS.
The w/d ratio represents the degree of edema and inflammatory in the pulmonary system. The LPS challenge produced a significant increase in the pulmonary vascular permeability, and the w/d ratios of different groups were investigated further as shown in Fig. 3 . The w/d ratio markedly increased in the LPS group, and compared with the LPS group, the w/d ratio of the Rsv group (5 or 45 mg/kg) and the Dex (10 mg/kg) group was evidently decreased.
Resveratrol decreases the number and classification of leukocytes in BALF. Subsequent to obtaining the BALF, the red blood cells were removed with red blood cell lysis buffer and leukocytes isolated by centrifugation. In total, 100 leukocyte cells were counted by an optical microscope which indicated that the number of leukocytes and neutrophils markedly increased in the LPS group. In comparison with the LPS group, the number of leukocytes and neutrophils in the RSV group (5 or 45 mg/kg) and the Dex group (10 mg/kg) was evidently decreased as shown in Fig. 4 . 
Resveratrol reduces injury of the pulmonary system induced by LPS via inhibiting the protein expression of TLR4, myd88
and NF-κB. The TLR4 signaling pathway serves as a molecular pattern recognition receptor associated with pathogens, which bind a microbial molecular motif with high affinity and have a central role in the initiation of cellular innate immune responses (24) . LPS is a specific ligand of TLR4; therefore, the protein expression of TLR4, myd88 and NF-κB was detected by western blot analysis. It was investigated whether the mechanism of ALI induced by LPS was associated with the myd88-dependent TLR4 signaling pathway. The results indicated that the protein expression of TLR4, myd88 and NF-κB were markedly increased in the LPS group, while pretreatment with resveratrol can effectively suppress the protein expression of TLR4, myd88 and NF-κB (Fig. 5A-D) .
Resveratrol decreases the content of IL-6 in BALF of mice with LPS-induced ALI.
IL-6 as a downstream factor of the TLR4 signaling pathway can reflect the severity of inflammation (25); therefore, the content of IL-6 in BALF was detected and the effect of resveratrol on ALI induced by LPS via inhibiting the IL-6 was investigated. The results indicated that the content of IL-6 in BALF was markedly increased in the LPS group. In comparison with the LPS group, pretreatment with resveratrol or Dex can evidently decrease the content of IL-6 in BALF (Fig. 6A) .
Resveratrol decreases the content of COX-2 in BALF of mice with LPS-induced ALI.
COX-2 as a downstream factor of the TLR4 signaling pathway can reflect the severity of inflammation; therefore, the content of COX-2 in BALF was detected and the effect of resveratrol on ALI induced by LPS via inhibiting COX-2 was investigated. The results indicated that the content of COX-2 in BALF was markedly increased in the LPS group, and in comparison with pretreatment with resveratrol or Dex, the content of COX-2 in BALF was evidently decreased (Fig. 6B) . and NF-κB; all in the pulmonary system. The mice were pretreated with Rsv (5 or 25 mg/kg) every day for three days. Total protein extracts were prepared from the lung tissues 12 h after the LPS challenge, the expression of protein TLR4, myd88 and NF-κB levels were measured by western blot analysis. 
Discussion
Resveratrol is a chemical extract from traditional Chinese herbs and food. Resveratrol has diverse biochemical and physiological actions, including anti-cancer, anti-aging, anti-apoptosis and anti-inflammatory effects (26, 27) . Previous studies have demonstrated that resveratrol exerts cardioprotective effects. In view of the anti-inflammatory effects of resveratrol, the present study has put forward the protective effects of resveratrol on LPS-induced ALI in mice which may be associated with TLR4 pathways. In the present study, an ALI model of mice was initially established via intratracheal instillation of LPS. Furthermore, the pathological changes of alveolar edema were observed through H&E staining and the protective effects of resveratrol on LPS-induced ALI in mice were analyzed. To further quantify the magnitude of the pulmonary edema, the lung w/d ratio was evaluated. Finally, the mechanism of the protective effect of resveratrol on LPS-induced ALI in mice was investigated and the protein expression of correlation factors, including TLR4, myd88, NF-κB and the concentration of inflammatory factors, including IL-6 and COX-2, which are involved in the myd88-dependent signaling pathway, were assessed. The principal findings of the present study were that: i) Pretreatment of resveratrol is able to attenuate edema, inflammatory cell infiltration and alveolar structure damage of the lungs in mice with ALI and significantly decrease the lung w/d ratio. ii) Resveratrol markedly decreased the protein expression of TLR4, myd88 and NF-κB, and decreased the levels of inflammatory cytokines, including IL-6 and COX-2. It can therefore be concluded that resveratrol has a protective effect against ALI induced by LPS and is associated with the inhibition of the myd88-dependent TLR4 signaling pathway.
Previous studies have shown that ALI as well as the acute respiratory distress syndrome, which is known as a more severe form of ALI, are acute respiratory failure syndromes, which result from acute pulmonary edema and inflammation. ALI has several etiologies and the key mechanisms by which lung injury is initiated and propagated have yet to be defined. To date, the mortality syndrome of ALI is high (28, 29) and despite the fact that animal models provide a bridge between patients and the laboratory bench, the animal model of ALI remains incomplete as a model for the mechanisms and consequences of the disease in humans. In sepsis, LPS acts as a significant mediator in response to gram-negative bacteria. The classic model of ALI is a mouse model with ALI induced by intratracheal instillation of LPS, with its target being the capillary endothelium (30) . Furthermore, LPS is known to be capable of entering the blood stream and eliciting inflammatory responses, which may lead to shock and mortality (31) . In the present study, results for the LPS group indicated that 12 h after LPS administration, there was evident lung congestion, a high amount of leukocyte infiltration, an increased alveolar wall thickness, edema, hemorrhage and exudation in the alveolar cavity. Therefore, the ALI model in mice was successfully established.
TLR4 from humans and mice recognize different LPS structures. TLR4 has a significant role in the induction of the inflammatory response by recognition of several endogenous ligands associated with tissue injury (32) . TLR4, in turn, activates the signaling pathways responsible for the generation of proinflammatory cytokines via myd88. Activation of TLR4 via myd88 induces NF-κB-dependent apoptosis and the expression of proinflammatory cytokines as a final step (33) .
The proinflammatory cytokines appear in the early stages of an inflammatory response and may finally contribute to the severity of lung injury (34) . Inflammatory factors may induce, enlarge and facilitate an entire or focal inflammatory reaction. TLR4 mediated NF-κB activation and produced a large number of inflammatory cytokines (34) . Numerous inducers are involved in the activation of NF-κB, including the proinflammatory cytokines (mainly IL-6 and COX-2) and bacteria. IL-6 and COX-2 are considered pivotal mediators of lung inflammation in ALI as they can stimulate the production of a variety of chemokines and active neutrophiles (35) . The key event involved in the activation of NF-κB is its nuclear translocation and activated NF-κB may translocate from the cytoplasm into the nucleus (34, 35) . The target cells, including epithelial and endothelial cells, can be triggered to produce additional mediators by the release of IL-6 from alveolar macrophages. As a consequence, the initial inflammatory response can be amplified and the NF-κB signaling pathway is activated in the lung tissue.
To further investigate the molecular mechanism of the protective effect of resveratrol on LPS-induced ALI in mice, the protein expression of the correlation factors, including TLR4, myd88 and NF-κB, in the myd88-dependent signaling pathway was detected. IL-6 and COX-2 were also detected in the BALF of mice with ALI. Pretreatment with resveratrol was found to be capable of inhibiting TLR4/NF-κB and regulating the expression of IL-6 and COX-2 via the myd88-dependent TLR4 signaling pathway. 
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In conclusion, the present study revealed that resveratrol is effective for protecting mice against LPS-induced ALI, and it may be associated with the suppression of the activation of the myd88-dependent TLR4 signaling pathway, which may subsequently lead to a decrease in levels of proinflammatory cytokines. However, the present study did not investigate the effect of resveratrol on the myd88-independent TLR4 or other signaling pathways, nor on other proinflammatory cytokines in these pathways. These are the aims of future studies. Considering that resveratrol is widely distributed in fruit and was proven to have only few side effects, resveratrol may be a potential therapeutic agent for treating ALI in the future.
